We have found 100 X-ray jets in the database of full Sun images taken with the Soft X-ray Telescope (SXT) aboard Yohkoh during the period from 1991 November through 1992 April. A statistical study for these jets results in the following characteristics: 1) Most are associated with small flares (microflaressubflares) at their footpoints. 2) The lengths lie in the range of a few x 10 4 -4 x 10 5 km.
Introduction
the apparent velocity is 30-300 km s -1 .
2) The kinetic energy is estimated to be 10 25 -10 28 erg. 3) Many jets are associated with small flares in X-ray bright points (XBPs), emerging flux regions (EFRs) or active regions (ARs). These results, however, were obtained from one month of data during, 1991 November (~ 20 jets). A statistical study of a large number of X-ray jets had not been performed prior to the work reported here.
The purpose of this paper is to report on a study of the statistical properties of X-ray jets which were observed during the six months from 1991 November through 1992 April (Shimojo 1994) . In section 2 we define terms and explain observing methods. In section 3 we describe the properties of the X-ray jets found from the Yohkoh SXT observations. In section 4 we compare our results
The soft X-ray telescope (SXT: Tsuneta et al. 1991) aboard Yohkoh (Ogawara et al. 1991 ) has a better temporal coverage and resolution than previous solar X-ray imagers, and has revealed many previously unknown dynamic coronal phenomena (e.g., Acton et al. 1992; Uchida 1993; Tsuneta, Lemen 1993; Hudson 1994; Shibata 1994; Shimizu et al. 1992) . Among various newly discovered dynamic phenomena, one of the most interesting findings is the common occurrence of X-ray jets (Shibata et al. 1992b (Shibata et al. , 1994a Strong et al. 1992) . According to Shibata et al. (1992b) , these X-ray jets are transitory X-ray enhancements with an apparent collimated motion, and have the following observed characteristics: 1) The typical size of the jet is 5 x 10 3 -4 x 10 5 km, and
The FFI data normally have two spatial modes. One is the "half-resolution" mode, which has ~ 5" pixel summations; the other is the "quarter resolution" mode, which has ~ 10" pixel summations. The time resolution of the FFI data ranges from a few minutes to several hours. The spatial and time resolutions change according to the satellite condition (Tsuenta et al. 1991) .
The data that we used in this paper were obtained with either a thin aluminum filter (Al.l) or a "Dagwood sandwich" filter (Al/Mn/Mg). Both are sensitive to soft X-rays between 3 and 40 Aand enable the observations of plasma with temperatures from 1.5 x 10 6 K to a few xlO 7 K . We found 100 X-ray jets in FFI data from 1991 November through 1992 April by a visual inspection of the data, as displayed from a video disk. The images on the disk used the standard SXT logarithmic compression in order to combine long exposures and short exposures into single composite images with a large dynamic range. The sensitivity of our search therefore depends upon the time and image position in a complicated manner. The sampling of the movie varies with the SXT observing program, but the standard high telemetry rate typically provides one image cycle in eight minutes, with individual images separated by two minutes. Although the survey reported here is therefore not complete, it is much more extensive than in our previous studies.
Results
First, we made a descriptive list of the jets (table 1) and stored their representative X-ray images in a database. The recorded parameters include the projection length, apparent projected velocity, position of the jet (heliocentric coordinate), shape, lifetime, and footpoint activity.
Footpoint Activity
Most of X-ray jets have been associated with small flare events (subflares-microflares) in active regions (ARs) or X-ray bright points (XBPs). In this paper, the term "brightenings" is sometimes used, though these are the same as microflares or subflares. The distinction between the AR and XBP footpoint types is somewhat subjective. In general, an AR was considered to be a long-lived larger structure including clearly defined loops, and an XBP was a compact, unresolved structure. We classified the shape of the foot points into three types: XBP type, Anemone type, and Upside-down "Y" type. Note that the XBP category also includes jets arising near or inside active regions, for example the frequent cases of jets originating west of the preceding spot of an ordinary active region (see below).
The XBP type contains those events for which we could not find any structure whose footpoint source was pointlike at the SXT resolution [figure 1 (Plate 1), table 2]. This category contained 60% of the 100 jets.
The anemone type is a footpoint whose shape looks like sea-anemone [figure 1 (Plate 1), table 2 ; see Shibata et al. 1994b ]. This category contained 19% of the jets.
The upside-down "Y" type is a footpoint which appears to be a single loop [figure 1 (Plate 1), table 2]. 13% of jets appeared in upside-down "Y" type footpoint.
The remaining 9% of the jets occurred behind the limb (table 2) (so that their footpoint activity cannot be identified). Only one of the jets on the disk had no apparent footpoint activity. Y (Upside-down "Y " type) : Upside-down "Y " type is the footpoint which is found to be a single loop
The jets occurred behind the limb.
%% : Shape Type
Cv (Converging) : The width of the jet decreases with distance and the difference in widths at top and bottom of jet is larger than 1 pixel of half resolution mode ( ~ 5").
Cs (Constant) : The width of the jet is nearly constant.
Di (Diverging) :
The width of the jet increases with distance. The difference in widths at top and bottom of jet is larger than 1 pixel of half resolution mode.
Ud (Undulating) :
The jet show undulating configuration.
Ut (Untwisting)
: The jet appears to be untwisting. The footpoint of the jet is not always the brightest part of the AR or XBP. We found that 27% of the jets have a separation between the apparent footpoint and the brightest part of the footpoint activity or brightening. figure 2 (Plate 2) shows a good example. The jet is displaced from the neighboring bright structure by -3 x 10 4 km.
We also classified 56 jets from XBP by location; 20% of 56 jets appeared in coronal holes, 23% in quiet regions, and 57% inside active regions [figure 3 (Plate 3), table 2]. Because of the bias imposed by the logarithmic compression of the images searched, this result shows that there is a strong tendency for the jets to occur in more active areas. We also investigated the detailed positions of the jets from XBP appearing near AR. The result is shown in figure 4 ; about 90% of jets from XBP appeared in the western part of active region. In such cases, jets tend to appear at the western edge of the preceding spot.
What is the relation between the small flares at the footpoint of the jets and ordinary microflares/flares? Figure 5 shows the frequency distribution of the flares at the footpoints of the jets as a function of the peak total soft X-ray intensity through a thin Aluminum filter. The peak intensity is represented in units of DN s -1 . One DN (data number) corresponds to 100 electrons at CCD and to an energy of 5.8 x 10
-10 erg at the SXT focal plane . From this figure, we find that the frequency distribution of the footpoint flares is nearly a power law, similar to that of microflares and flares (Lin et al. 1984; Hudson 1991; Shimizu 1995) . This suggests that the X-ray jets may be drawn from a population similar to that of microflares and flares, though the power law index in our case (~ 1.2; figure 5) is smaller than that (~ 1.4) of the active-region transient brightenings (microflares) found by Yohkoh /SXT (Shimizu 1995) . The range of the SXT peak intensity is 10 3 -10 5 DN s _1 for the transient brightenings analyzed by Shimizu (1995) , while it is 10 4 -10 7 DN s" 1 for the footpoint flares of our X-ray jets, and, thus, is somewhat larger than the transient brightenings. The energy associated with the SXT "counting rate" in DN s -1 varies with filter and source temperature. For the Al.l filter (see for wavelength band), one DN corresponds to 1.5 x 10 19 erg at the Sun according to the SXT calibration, assuming that the plasma temperature is 3 x 10 6 K. From this comparison, it is found that our footpoint flares correspond to GOES sub-A class (< 10" 9 W m" 2 )-B class (~ 10~7 W m" 2 ) flares.
Length, Velocity, and Lifetime
We recorded the projected length, the apparent projected velocity and the width of each jet in table 1. A histogram of the projected length is shown in figure 6 . The length ranges from 10 4 km to more than 4 x 10 5 km with an average value of 1.5 x 10 5 km. If we assume a random distribution, the actual length and velocity must be a factor of 4/TT larger. The factor 4/TT comes from average projected length of the randomly oriented vertical line with equal length, i.e.,
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(1) Figure 7 shows a histogram of the apparent jet velocity. Here, we calculated the velocity (termed the "first velocity") using the length and the time interval between the pre-jet image and the first jet image. The average value is 200 km s _1 . We also calculate a velocity (termed the "second velocity") by using the difference of length between the first image and the second image, and confirmed that the second velocity is approximately equal to the first velocity. The second velocity tends to be smaller than the first velocity. While we used images obtained through all of the various filter when measuring the first velocity, we used only images through one kind of filter when measuring the second velocity. Hence, the first velocity was measured by comparatively high timeresolution data.
We define the lifetime of a jet as the time interval from the first jet image to the final jet image. The result is shown in figure 8 . From this histogram, we can see that the distribution of the jet lifetimes is a power law with a power index of 1.2.
Intensity Distribution and Intensity Scale Length
As stated in the previous section, we measured the length by eye. To obtain a more objective measurement of the length, we measured the X-ray intensity distribution along the jet. We found that in 60% of the jets the intensity decreased roughly exponentially with the distance (height) (figure 9). We define the length of a jet as an intensity scale length, i.e. the length over which the intensity decreases to 1/100. The relation between the length by eye (/ eye ) and the 1/100 scale length (/i/ioo) is shown in figure 10 . The solid line of figure 10 is a least-square fit and the dashed at a slope of 1.0, i.e., l\j\oo 1S equal to / eye . We also measured the evolution of the intensity distribution along the jet using high timeresolution data (figure 9). We found that the intensity distribution of a jet in its early stage already shows an exponential function, and in the decay phase the whole jet intensity decreases and fades away, while keeping the exponential distribution. Figure 11 shows a histogram of the jet width. We measured the intensity distribution perpendicular to the jet at both the top and the bottom, as shown in figure 12a .
3.4-Width and Aspect Ratio
The widths at the top and bottom are defined as the widths at the half-intensity maximum. Some of the large jets, for example the anemone type in figure 1 (Plate 1) show bright edges. In these cases, the width is defined as the width at the half-intensity maximum of the higher of the two peaks, as shown in figure 12b . We define the width of a jet as the average of the widths at the top and the bottom. The width ranges from < 3.5 x 10 3 km (5") to 7 x 10 4 km , and the average value is 1.7 x 10 4 km. Figure 13 shows a histogram of the aspect ratio (length/width) of a jet. Note that the jet is defined as a M. Shimojo et at.
[Vol. 48, collimated structure whose aspect ratio is larger than 3. Hence, the x-axis of figure 13 starts from 3. This figure shows that although the range of the observed aspect ratio is 3 to 27, most jets are in the range between 3 and 15. The average aspect ratio is 10.
Morphology
The shape of the X-ray jet may be determined by the magnetic-field lines along which the hot plasma moves. Hence, we can investigate the relationship between the magnetic field and a jet from a classification of the shape of X-ray the jet. We already measured the widths at the top and bottom of each jet, and thus classified the jets into the following five types using the difference in widths at the top and the bottom of the jet.
Converging (Cv):
The width of a jet decreases with distance and the difference in widths at the top and bottom of the jet is larger than 1 pixel in the halfresolution mode ( ~ 5").
Constant (Cs):
The width of a jet is nearly constant within an error of ±5" (~ 3600 km).
Diverging (Di):
The width of a jet increases with distance. The difference in the widths at the top and bottom of the jet is larger than 1 pixel in the halfresolution mode.
Undulating (Ud):
The jet shows an undulating configuration. [figure 14 (Plate 4)]
Untwisting (Ut):
The jet appears to be untwisting.
[
figure 14 (Plate 4)]
This classification is summarized in table 3. From this table, we find that the most common jet is the constant type (43%) and that the next is the converging type (33%). We suspected that the shape (or Wbottom -Wtop, where bottom and W t0 p are the widths of the jet at the bottom and top, respectively) might be related to the energy of the jet, and thus made a figure which shows the relation between the shape and the intensity of foopoint (figure 15). From this figure, we found that the constant and diverging type appeared in all ranges of intensity, but the converging type may tend to appear more frequently in a brighter footpoint.
Selection Effect
In subsection 3.2 we reported that the power-law index of the distribution of the intensity of a jet footpoint is smaller than that (~ 1.4) of other flares and microflares. There are two possible reasons for this difference: 1) We selected only large or energetic jets, so that our list did an X-ray jet. The "jet" is denned as a transitory collimated structure with a motion whose aspect ratio is larger than 3.
not include small events.
2) The mechanism of generating X-ray jets depends on the energy of the footpoint flare. Small flare events may not have X-ray jets. Hence, we examined only selection effects. We used the ratio between the intensity of a jet and the background intensity of the same region at the pre-jet stage. The result is shown in figure 16 . Prom this figure, it is found that we selected jets whose ratio is larger than 0.3 (in other words, the intensity enhancement of the jet exceeds 30% of the background) at all ranges of the total footpoint intensity. Hence, although there is a possibility that all flares may have X-ray jets, we can not identify jets generated by small events, so that the power-law index of the jet is smaller than that of other flare-like events.
Discussion

4.L Morphology and Relation to Magnetic Reconnection Model
We have found that the most common shape of a jet is the constant and converging type; i.e., the width of the jet is constant, or decreases with the distance from the footpoint of the jet. What does this mean? It is generally believed that loop-like or filamentary structures in the solar corona delineate magnetic field lines. Hence, it is natural to assume that a jet is along the magnetic field lines, and that the converging shape of the jet is a manifestation of converging magnetic field fines along the jet. How can we get such a converging magnetic field configuration? One possibility is that a small magnetic bipole emerges in a locally unipolar magnetic field region (figure 17). In this case, a neutral point appears just above a small magnetic bipole, and magnetic reconnec- total intensity of footpoint (total DN/sec) Fig. 16 . Ratio of the total intensity of a jet to the background of the jet as a function of the total intensity of footpoint. From this plot, we found that an event having ratio below 0.3 did not appear.
tion would occur there. The magnetic field strength is weakest just around the neutral point, so that the field strength increases (i.e., the field converges) along the jet away from the neutral point. In fact, in the case of a larger jet, whose foot points are well resolved, such a footpoint region looks like a "sea anemone" (Shibata et al. 1994b ). The resulting morphology of the jet is very similar to the cartoon model shown in figure 17 . Shibata et al. (1993) called such jets an anemone-jet, and suggested that the anemone-jet is a prototype of other smaller converging jets.
Coronal Hole
results found in the case where the coronal field is horizontal (Shibata et al. 1992a; Yokoyama, Shibata 1995) . They suggested that the hot jet may be an X-ray jet and that the cool jet might correspond to an Ha surge. This could explain why some of the X-ray jets are associated with Ha surges, as discussed in subsection 4.3. If magnetic reconnection occurs at the neutral point, a reconnection-heated hot plasma will be quickly transferred to both open fields and closed (reconnected) fields (see figure 17 , also the cartoon model described by Shibata et al. 1992b Shibata et al. , 1993 . Hot plasma flows along the open fields and forms a hot (X-ray) jet, whereas hot plasma transferred to the lower branch form a hot loop (i.e., loop brightening or a flare loop). It should be noted that such a jet will be separated from the flare loop or the brightest part of the event. This might explain the observed "gap" between the exact footpoints of X-ray jets and the brightest parts of the events.
Recently, the magnetic reconnection model (especially, for the anemone-jet type) has been numerically simulated by Yokoyama and Shibata (1995) . They performed twodimensional magnetohydrodynamic simulations of reconnection between emerging flux and an oblique coronal field, and confirmed that the cartoon model shown in figure 17 can be consistent with the observations. They further found that not only a hot jet, but also a cool jet, is produced by reconnection, which is similar to the
Velocity
Our statistical analysis showed that the apparent velocity of the jets ranges from 10 km s -1 to 1000 km s _1 though most of the jets show velocities of between 30 and 400 km s -1 . The average observed velocity is about 200 km s -1 . What can we say about the acceleration mechanism from these observations? Let us consider a few simple acceleration mechanisms.
If a jet is accelerated by the J x B force (like a slingshot) in the reconnection process, the velocity of the jet is comparable to the Alfven velocity (e.g., Heyvaerts et al. 1977; Yokoyama, Shibata 1995) . Other magnetic acceleration mechanisms (e.g., the sweeping-magnetic-twist mechanism proposed by Shibata, Uchida 1986) also predict a velocity on the order of the Alfven velocity,
where B is the magnetic field strength, and n is the particle number density. The faster jets with a velocity of more than 0.5 VA~500 km s _1 (only 7 jets) could be explained by this mechanism. It seems, however, not easy to explain the velocity of the majority of jets (30 < Vjet < 400 km s _1 ), though there remain many uncertainties. The biggest question is whether the "apparent" velocity measured in this paper is the true (material) velocity of the jet or not.
Next, we consider the case in which an evaporation flow occurs along the open field line to form a jet as the result of a sudden energy release by reconnection (Hirayama 1974; Strong et al. 1992; Shibata et al. 1992b; Sterling et al. 1993) . In this case, the jet is accelerated by the gas-pressure force, and the maximum velocity of the jet is of the order ^ev-jet,max 3C S ~ 1500(T/10 7 K) 1/2 km s"
where C s and T are the sound speed and the temperature of the flaring plasma. This maximum velocity occurs around the front of the jet only if the coronal plasma pressure and density ahead of the evaporation-jet are much smaller than those of the jet. The velocity of the main body of the evaporation-jet is a few 100 km s _1 , as observed in many flares. Furthermore, the apparent velocity of the constant-density part of the jet becomes about 30-300 km s" 1 if p je t = 0.4-0.2p flare (Shibata et al. ccJ • 1992b) . This seem ^ velocities of many '. g; In the above est S measure are assum H cal flares, since it i M. Shimojo et al. [Vol. 48,  seems to be consistent with the apparent X-ray jets. estimate, the temperature and emission assumed to be comparable to those of typiis hard to measure temperature using FFI data because of their low time resolution. (But see Shibata et al. 1992 Shibata et al. , 1994 , for estimate of temperature and emission measure of jets using FFI data.) In order to measure the temperature and emission measure more exactly, we need to analyze PFI (Partial Frame Image) data which are taken at higher time and spatial resolutions. An analysis of PFI data will be performed in our future study. The crucial point is to clarify whether the mass of the jet, as inferred from the emission measure, is supplied from the chromosphere, or whether no supply is necessary, in this future study.
Relation to Hot Surges, Type III Bursts, and Other
Jet-like Phenomena It should first be noted that many properties of the X-ray jets, such as the shape, velocity, association with small flares, recurrency, site of occurrence in actve regions, and so on, are similar to those of Ha surges (Roy 1973; Kurokawa, Kawai 1993) . Hence, it is very interesting to study the relation between X-ray jets and Ha surges.
Historically, many authors have studied the relation between Ha surges and X-ray features. Westin (1969) found that 6 surges out of 18 were related with Xray bursts reported by Solar Geophysical Data, while the Skylab X-ray telescope discovered X-ray intensity changes for 6 surges out of 54 . Schmahl (1981) found the body of a surge to be bright in the EUV. Recently, HXIS discovered bright surges in 3.5-5.5 keV X-rays (Svestka et al. 1990 ). Using Yohkoh SXT PFI (partial frame images) data and simultaneous groundbased Ha images, Shibata et al. (1992b ), Okubo et al. (1995 , Canfield et al. (1996) found several examples of X-ray jets which are ejected nearly simultaneously and cospatially with Ha surges, while Schmieder et al. (1995) reported some examples of Ha surges which are not associated with X-ray jets. In this regard, as a preliminary work, we have studied the relation between X-ray jets and Ha surges reported in Solar Geophysical Data, and found that about 13% of Xray jets are associated with Ha surges. The actual value of the percentage of association, however, may be larger than 13%, because the reports in the Solar Geophysical Data are not necessarily complete. It would be interesting to study more exactly the relationship between X-ray jets and Ha surges using higher (spatial and temporal) resolution data.
It is interesting to note here that some of the X-ray jets are found to be associated with type-Ill radio bursts (Kundu et al. 1995) . Jackson (1986) reported that typeIll bursts show a tendency to occur nearer to the leading spot in an active region. This may be the same phenomenon as our finding that many X-ray jets tend to occur in the west of the active region (figure 4).
It is also known that there are many other jet-like phenomena occuring on the Sun, such as EUV jets and explosive events (Brueckner, Bartoe 1983 , Dere et al. 1989 , macrospicules (Bohlin et al. 1975; Withbroe et al. 1976; Moore et al. 1977; LaBonte 1979; Karovska, Habbal 1994) , coronal spikes or impulsive events (Koutchmy, Loucif 1991), and so on. Although there has been no simultaneous observation in X-rays for most of these phenomena, we can find some similarities in their characteristics. For example, the velocities of the EUV jets (~ 400 km s _1 ), macrospicules (~ 50-100 km s _1 ), and coronal spikes or impulsive events (> 150 km s _1 ) are within the range of the velocity of X-ray jets. The shape of some macrospicules looks like upside-down Y and is very similar to the shape of some X-ray jets {converging jet).
Summary
This investigation leads to the following conclusions:
1. We observed 100 X-ray jets during the 6 month period from 1991 November 1 through 1992 April 30, using full-Sun images taken with the Yohkoh soft X-ray telescope.
2. The great majorities of all jets are associated with small flares (microflares-subflares) at their footpoints. Only one in the sample appeared not to be associated with flaring.
3. We found that the distribution of the total footpoint intensity is a power law with a power-law index of 1.2. This index is smaller than that (~ 1.4) of the more typical microflares and flares.
4. The range of the length of the jet is a few xlO 4 to 4 x 10 5 km and the average value by Yohkoh is 1.5xlO 5 km. The apparent projected velocity of the jets ranges from 10 km s -1 to about 1000 km s _1 and the average value is about 200 km s _1 . The width of a jet is 5 x 10 3 -10 5 km and the average value is 1.7 x 10 4 km. The lifetime of the jet ranges from 100 s to 16000 s and the distribution of lifetime is a power-law distribution.
5. We found that the shape of an X-ray jet can be classified into about 5 distinct types. About 43% of jet have constant widths, and 33% appear to be converging.
6. About 68% of the jets occurred in an active region. We found that most jets (~ 90%) associated with XBP-like features in the active region occurred to the west of the active region.
7. About 27% of the X-ray jets showed a gap ( > 10 4 km) between the exact footpoint of the jet and brightest part of the associated small flare.
8. Over 60% of the jets show that the X-ray intensity decreases exponentially with distance (height) along the jets. We can define the length of a jet as the intensity scale length. We found that the exponential intensity distribution of the jet holds from the early phase to the decay phase. No jet appeared to return to its point of origin. The decay phase of a jet is characterized by the fact that the intensity of the whole jet decreases and fades away while keeping the same exponential function. Fig. 2 . Typical example of an X-ray jet at the west solar limb on 1991 December 28, observed with the soft X-ray telescope aboard Yohkoh. The left is a long-exposure image, and the right is a short-exposure image. The contours overlaid on the right image show the soft X-ray intensity distribution shown in the left image. Note that a gap can be seen between the exact footpoint of a jet and the brightest part.
